Salivary glands are innervated by sympathetic and parasympathetic neurons, which release neurotransmitters that promote fluid secretion and exocytosis when they bind to muscarinic and β-adrenergic receptors, respectively. Signaling pathways downstream of these receptors are mainly distinct, but there is cross-talk that affects receptor-dependent events. Here we report that the β -adrenergic ligand isoproterenol blocks the increases in extracellular signal-related kinase (ERK) phosphorylation, a PKC-dependent event, promoted by the muscarinic receptor ligand carbachol in freshly dispersed rat parotid acinar cells.
Almost all mammalian cells have multiple types of heptahelical G-protein-coupled receptors (GPCR).
The muscarinic receptor and β -adrenergic receptor are GPCRs that affect the physiological activities of many cells, and neurotransmitters binding to these receptors produce well-defined and mainly separate functional effects in salivary glands, which are innervated by both sympathetic and parasympathetic neurons (1) . Parotid acinar cells express M3 muscarinic receptors (2) , which are coupled via Gq to phospholipase C; and acetylcholine and M3R ligands binding to this receptor initiate the production of the second messengers inositol trisphosphate (InsP 3 ) and diacylglycerol, which elevate the intracellular Ca 2+ concentration ([Ca 2+ ] i ) and activate PKC. The increase in intracellular Ca 2+ initiates the opening of ion channels, electrolyte and fluid secretion, and subsequently, the formation of saliva in the oral cavity (3) . In contrast, the activation of parotid β -adrenergic receptors promotes exocytosis and the release of amylase protein into the oral cavity. β-adrenergic receptors are coupled via Gs to adenylyl cyclase, and receptor stimulation generates the production of cAMP (cyclic adenosine monophosphate) and the activation of cAMP-dependent protein kinase (protein kinase A, PKA) and a signaling cascade downstream of PKA. Muscarinic receptors also can promote exocytosis, but this is more limited than that due to β -adrenergic signaling (4) . In many cells cAMP also can activate exchange proteins directly activated by cAMP (Epac), which are guanine nucleotide exchange factors (GEF) for the GTPase Rap. Epac is a cAMP-dependent PKA-independent protein that can mediate various signaling and functional events in salivary glands and other cells (5) (6) (7) .
This can produce complications in evaluating the mechanisms of cross-talk that exist when there is combined muscarinic and β -adrenergic signaling, which is a focus of the present study.
Isoproterenol has other effects on parotid acinar cells in addition to promoting exocytosis of secretory granules. It has been recognized for over 40 years that the chronic systemic administration of the β -adrenergic ligand isoproterenol to rodents promotes enlargement of parotid salivary glands (8, 9) . This is accompanied by increases in DNA synthesis and involves both hyperplasia and hypertrophy. Parotid glands from mice treated with isoproterenol for times up to 24 hours display significant changes in the expression patterns of > 40 genes, including cell cycle proteins, transcriptional factors, and kinases (10) . Treatment of rat parotid glands with isoproterenol (1-4 hr) increased the tight junction permeability (11) , and acute exposure of dispersed rat parotid acini to isoproterenol enhanced the Na-K-2Cl cotransporter activity (12) .
Although muscarinic and β -adrenergic receptors promote chiefly parallel signaling pathways and physiological events in salivary gland cells, there is both positive and negative cross-talk between these two important receptormediated signaling pathways. In primary cultures of mouse parotid acinar cells, carbachol and isoproterenol both increased the phosphorylation of the cAMP-response element-binding protein (CREB) (13) .
Isoproterenol and the adenylyl cyclase activator forskolin increased the release of Ca 2+ from intracellular stores by the muscarinic and alpha-adrenergic receptor stimulation in rodent parotid acinar cells, and this was due to the phosphorylation of the InsP 3 receptor in a PKAdependent manner (14) (15) (16) .
This offers an explanation for the stimulatory effect of cAMP production/PKA activation on fluid secretion in parotid and submandibular glands (17, 18) and other epithelial glands (19) . Notably, cross-talk between these receptors can go in both directions, since M3 muscarinic receptor stimulation can desensitize β2-adrenergic receptors via a PKCdependent phosphorylation of the receptor (20) . In addition, M3 receptor stimulation by carbachol promotes a reduction in the isoproterenolpromoted production of cAMP in rodent parotid and submandibular cells (2, 21, 22) .
Extracellular signal-related kinase (ERK) participates in various functions of normal and cancerous salivary gland tissues (23) (24) (25) , and plays a vital role in promoting the branching morphogenesis of developing salivary glands (26) . In the present study we found that isoproterenol had a substantial negative effect on the carbacholinitiated phosphorylation of ERK in dispersed rat parotid acinar cells. Since cAMP can exert either positive or negative effects on ERK signaling in many cells (27) , we examined the cross-talk between β-adrenergic and muscarinic receptors in more detail in several native salivary gland acinar cells and cell lines. We compared the effects of forskolin, cAMP analogs, and Epac-specific activators to the effects of isoproterenol on the stimulation of ERK phosphorylation by carbachol. We also examined the effects of isoproterenol on multiple physiological indices of fluid secretion, as well as on ERK phosphorylation downstream of P2X 7 and EGF receptors, neither of which are coupled to G-proteins. The results indicate that isoproterenol produces both positive and negative effects on muscarinic signaling within the same cell and can block ERK activation downstream of multiple types of receptors.
EXPERIMENTAL PROCEDURES
Materials-Carbamylcholine (carbachol) (C4382), isoproterenol (I5627), dibutyryl-cAMP (D0697), 2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP, B6396), and propranolol hydrochloride (P0884) were purchased from Sigma. Phorbol-12-myristate-13-acetate (PMA, 524400) was from Calbiochem. The following products were purchased from Biomol: forskolin (CN-100), 8-bromoadenosine-3',5'-cyclic monophosphate 
'-cyclic monophosphate (8-CPT-2'-Me-cAMP, #1645) was purchased from Tocris.
8-(4-methoxyphenylthio)-2'-Omethyladenosine-3',5'-cyclic monophosphate (8-pMeOPT-2'-O-Me-cAMP, M034) and N 6 -Benzoyladenosine-3', 5'-cyclic monophosphate, acetoxymethyl ester (6-Bnz-cAMP-AM, B079) were from Biolog. Epidermal growth factor (EGF, 01-107) was purchased from Upstate (Millipore). Fura-2 AM was from Invitrogen/Molecular Probes. Polyclonal ERK 2 (SC-154), monoclonal ERK2 (SC-1647), and polyclonal c-RAF-1 (SC-133) were purchased from Santa Cruz Biotechnology, Inc. The following antibodies were purchased from Cell Signaling Technology: Phospho-Thr202/Tyr204-ERK1/2 (9101), Phospho-Ser217/221-MEK (9121), MEK (9122), Phospho-c-RAF-Ser338 (9427), and Phospho-c-RAF-Ser259 (9421). Secondary antibodies used for the Odyssey Infrared Imaging System were IRDye 800 conjugated anti-Rabbit IgG (Rockland, #611-632-122) and Alexa Fluor 680 anti-mouse IgG (Invitrogen A-21058).
Anti-rabbit IgG (AP307P) and anti-mouse IgG (AP124P) secondary antibodies used for Western blotting using film were obtained from Chemicon. All other chemicals were reagent grade or better.
Salivary gland acinar cell preparations and solutions-Parotid acinar cells were prepared from male Sprague-Dawley rats (Charles River Laboratories, Kingston, NY, 150-200 g) using previously established techniques (28) . Rat submandibular acinar cells were prepared in an identical manner. Cells were suspended at ~0.5-1 mg protein/ml in Solution A (116.4 mM NaCl, 5.4 mM KCl, 1 mM NaH 2 PO 4 , 25 mM Na HEPES, 1.8 mM CaCl 2 , 0.8 mM MgCl 2 , 5 mM Na butyrate, 5.6 mM glucose, pH 7.4). In experiments using BzATP, Solution A was modified to contain 1 mM CaCl 2 without MgCl 2 . For cells used in Western blotting experiments, all treatments of cells were performed at 37 o C in a water-jacketed chamber using a magnetic flea to stir the suspended cells. Aliquots (1.5 ml) of cells were equilibrated for ~5-10 min prior to treatments for various times with various agents or vehicles.
Salivary gland cell lines-Par-C10 cells were grown to near confluence in DMEM-F12 (1:1) medium containing 2.5% fetal bovine serum (FBS) and supplements similar to those specified elsewhere (29) . HSY and HSG cells were grown to near confluence in DMEM-F12 medium containing 10% FBS. Cells were cultured on BD Falcon tissue culture dishes in a humidified atmosphere of 90% air-10% CO 2 at 37 o C. Western blot analysis-At the end of the treatment period, the suspended native parotid cells were collected by rapid sedimentation. Cells were lysed in ice-cold Lysis Buffer as described previously (30) . Lysates were cleared of insoluble proteins by sedimentation at 15,000 x g for 15 min at 4 o C. For experiments conducted using cell lines, the cells were treated as indicated in a 37 o C incubator for the appropriate times, washed 3 times in phosphate buffered saline (PBS) solution, lysed in ice-cold Lysis Buffer, and sedimented at 15,000 x g. The cleared supernatants were diluted with 5X Laemmli sample buffer, boiled for 5 min, and stored at -20 o C prior to electrophoresis. For samples subjected to RAF immunoprecipitation, 1-2 µg/ml polyclonal anti-RAF-1 antibody (SC-133) and protein A sepharose beads were added to the cleared supernatants overnight, and the beads were washed three times in PBS/1% Igepal solution and then boiled for 5 min in 2X sample buffer. Samples were separated using SDSpolyacrylamide gel electrophoresis with an 8% separating gel and a 3% stacking gel. Proteins were transferred to nitrocellulose. Immunoblots were probed overnight with various antibodies according to the supplier's specifications. Proteins were visualized using chemiluminescence reagents and X-ray film.
Alternatively, in some experiments proteins were visualized and quantified by direct infrared fluorescence using an Odyssey Imaging System (Li Cor Biosciences) as reported previously (31) .
Quantification of protein phosphorylationThe phosphorylation status of proteins visualized on film was quantified by densitometry using the NIH Image J software program. For each sample, the phosphoproteins were normalized to total protein level (ERK or RAF) to account for gel loading/transfer variations. Blots were probed for phosphoproteins, stripped, and reprobed for total proteins. The phosphorylations for the various conditions were normalized to the phosphorylation under basal (non-stimulated) control (no inhibitors) conditions. In experiments using the Odyssey Imaging System, blots were simultaneously probed for phosphoproteins and total protein levels using polyclonal antibodies and mouse monoclonal antibodies, respectively, and fluorescent anti-rabbit and anti-mouse antibodies were used for visualization and subsequent quantification. Data analysis-Values were calculated as the mean + S.E. of n number of independent experiments (each n from a different cell preparation). Differences between control/basal and experimental samples for the accumulated data were evaluated using a Student's t test. All experiments, including Western blots, were performed at least 3 different times. Representative blots from one experiment are shown in each figure. Within each experiment to be analyzed using Western blotting techniques and/or the Odyssey system, multiple (duplicate or triplicate) cell samples were collected for each condition, subjected to SDS-PAGE, and the average of the values obtained within each individual experiment were treated as n=1.
RESULTS

Isoproterenol rapidly blocks ERK phosphorylation
promoted by muscarinic stimulation-Since parotid acini are innervated by both sympathetic and parasympathetic nerves, and since there is a history of functional interactions between muscarinic and β -adrenergic receptors in parotid glands, we evaluated the effects of isoproterenol itself on the activation of ERK as well as its effects on the activation of ERK by carbachol in rat parotid acinar cells. Isoproterenol did not significantly affect the basal level of ERK phosphorylation (Fig. 1A) . Remarkably, when isoproterenol was added to parotid acinar cells simultaneously with carbachol (10 -5 M), there was nearly a complete inhibition of the phosphorylation of ERK produced by carbachol. Similar inhibitory effects were produced when cells were pretreated with isoproterenol for one minute prior to carbachol. The peak increase in carbachol-promoted ERK phosphorylation is at 2 min (not shown), and isoproterenol did not shift the peak from 2 min to a delayed point in time (Fig. 1B) . Thus, the reduction of ERK by isoproterenol was due to inhibition and not to a change in the kinetics of ERK phosphorylation in carbachol-treated cells.
Our initial observations were conducted using 10 -5 M isoproterenol. When we compared the effects of various concentrations of isoproterenol, we found that 10 -5 and 10 -7 M isoproterenol were equally effective, and 10 -9 M isoproterenol was ineffective in blocking ERK phosphorylation (Fig. 1C) . Since isoproterenol increases cAMP production and activates PKA in parotid and other cells, we used an antibody that recognizes phosphorylated PKA substrates to evaluate PKA activation downstream of isoproterenol binding to the β-adrenergic receptor. Both 10 -5 M and 10 -7 M isoproterenol produced similar increases in the phosphorylation of PKA substrates, and 10 -9 M isoproterenol was without effect, similar to the isoproterenol concentration dependence of carbachol-initiated ERK phosphorylation (Fig. 1C) .
We evaluated in more detail how isoproterenol was able to block the effect of carbachol on ERK phosphorylation when both ligands were added simultaneously. To examine this, we compared the time courses (Fig. 1D , E) of carbachol on ERK phosphorylation and isoproterenol on PKA substrate phosphorylation as an index of β -adrenergic receptor activation. The phosphorylation of ERK was modest after 30 sec of carbachol exposure, and was greater at 2 min compared to one minute. In contrast, increases in the phosphorylation of PKA substrates appeared to reach its maximum at ~10 sec, a time at which there was no indication of an increase in ERK phosphorylation by carbachol.
Although the phospho-PKA substrate antibody is not the perfect indicator of PKA activation, the results indicate that isoproterenol activates PKA very rapidly, and suggest that the rapid increase in signaling downstream of the β -adrenergic receptor blocks the slower increase in ERK phosphorylation by muscarinic receptor activation.
Inhibitory effects of isoproterenol are mediated by the β -adrenergic receptor-Although isoproterenol is a β -adrenergic receptor ligand known to increase cAMP in rat parotid gland (34) , it was possible that its inhibitory actions on ERK phosphorylation were due to an off-target effect. Therefore, we determined whether propranolol, a β-adrenergic receptor antagonist, blocked the inhibitory effects of isoproterenol. Propranolol was very effective in blocking the increase in phospho-PKA substrate bands produced by isoproterenol ( Figure 2A) , and was similarly effective in reducing the inhibitory effect of isoproterenol on the phosphorylation of ERK initiated by carbachol ( Fig. 2A,B) . Notably, propranolol did not affect the increase in ERK phosphorylation by carbachol, consistent with its action to block β -adrenergic receptors and not affect muscarinic receptors.
cAMP reduces ERK phosphorylation produced by carbachol and PMA -To determine if the effects of isoproterenol involved the production of cAMP, we examined the effects of forskolin, an agent that directly activates adenylyl cyclase, the enzyme that converts ATP to cAMP. Forskolin produced the same inhibitory effect as isoproterenol on carbachol-promoted ERK phosphorylation (Fig. 3A) , suggesting that the effect of isoproterenol was mediated by cAMP production. These cAMP-producing agents also blocked the carbachol-promoted phosphorylation of MEK, the kinase immediately upstream of ERK. Since the increase in ERK phosphorylation by carbachol treatment of rat parotid acinar cells is largely dependent on PKC (23), we examined the effects of isoproterenol and forskolin on ERK phosphorylation in parotid cells treated with PMA to activate PKC directly and bypass receptor activation. These cAMP-producing agents also were effective in blocking the phosphorylation of ERK and MEK when PMA was the stimulus (Fig.  3B) .
The quantifications of the effects of isoproterenol and forskolin on ERK phosphorylation for carbachol-and PMA-treated cells (Fig. 3C ) indicated that cAMP can block ERK downstream of PKC activation in these cells.
We also examined the effects of isoproterenol and forskolin on the phosphorylation of RAF, the kinase immediately upstream of MEK in the ERK signaling cascade. The regulation of RAF is complicated, since there are multiple sites that can be phosphorylated; and phosphorylations can have positive or negative effects on RAF activity (35, 36) . As an indication of changes in RAF activity we examined the phosphorylation of RAF on two sites: Ser338, a site which when phosphorylated increases RAF activity, and Ser259, a site that blocks RAF activity when phosphorylated (37). Because the phospho-RAFSer259 antibody recognized a non-specific band immediately below RAF in cell lysates (not shown), we evaluated changes in RAF phosphorylation in RAF immunoprecipitates. Carbachol and PMA increased the phosphorylation of RAF on Ser338, and this phosphorylation was reduced in the prior presence of isoproterenol and forskolin (Fig. 4A,B) . When added alone, isoproterenol and forskolin increased the phosphorylation of RAF on Ser259. The quantification of the effects of isoproterenol and forskolin on the two RAF phosphorylation sites is shown in Fig. 4C,D. cAMP analogs, but not Epac-specific activators, block ERK phosphorylation -To demonstrate the role of cAMP in this inhibitory process, we also examined the effects of multiple cAMP analogs on the phosphorylation of ERK by carbachol (Fig. 5A ). Dibutyryl-cAMP and 8-CPTcAMP were as effective as forskolin and isoproterenol in increasing PKA substrate phosphorylation and blocking ERK phosphorylation by carbachol. 8-Br-cAMP had little affect on the increase in ERK phosphorylation by carbachol, consistent with the modest effect that it produced on the appearance of putative PKA substrate bands.
Since some stimuli and analogs that activate cAMP can also activate Epac1 and Epac2, we used two Epac-selective activators to determine if these guanine nucleotide exchange factors played a role in the inhibitory effects of isoproterenol and cAMP. Neither 8-pMeOPT-2'-O-Me-cAMP nor 8-CPT-2'-O-Me-cAMP had an inhibitory effect on the basal phosphorylation of ERK (not shown) or on the increase in ERK phosphorylation by carbachol when parotid acinar cells were pretreated with these agents for 15-30 min (Fig. 5B) . Also, unlike isoproterenol these Epac activators did not produce detectible increases in phosphorylated PKA substrate bands. We also employed 6-Bnz-cAMP, a cAMP mimetic that is selective for PKA and does not activate Epac (38) , for the purpose of defining the mechanism by which cAMP blocks ERK activation by carbachol. 6-Bnz-cAMP was as effective as isoproterenol in both increasing the phospho-PKA substrate bands (not shown) and blocking the carbachol-promoted ERK phosphorylation (Fig. 5C) . A comparison of the relative effects of all of these cAMP analogs and stimuli on the block of ERK phosphorylation is shown in Fig. 5C .
PKA inhibitors affect ERK phosphorylation by carbachol-The inhibitory effect of 6-Bnz-cAMP and the lack of effect of Epac activators suggested that cAMP was acting on ERK phosphorylation via PKA, so we performed several experiments using PKA inhibitors to try to block the inhibitory effects of cAMP on ERK. Parotid acinar cells treated with a combination of H-89 (10 µM) and Rp-cAMPS (30 µM), an inhibitor combination that was effective in blocking different PKA-mediated effects(34) in mouse parotid acinar cells (14), did not restore the carbachol-promoted increase in ERK phosphorylation in cells treated with isoproterenol ( Figure 6 ). Most but not all of the phospho-PKA substrate bands were reduced by this inhibitor combination. A three-fold larger concentration of H-89 (30 µM) was even more effective in blocking increases in phospho-PKA substrate bands in Western blot analysis. However, this produced a substantial inhibition of the increase in ERK phosphorylation produced by carbachol in the absence of isoproterenol, an effect that was probably due to the off-target inhibitions that H-89 can have on other protein kinases (39) . This suggests that the lower H-89 concentration (10 µM) may have been ineffective in restoring the carbachol-promoted ERK phosphorylation in isoproterenol-treated cells because it also had a degree of off-target effects and/or it did not fully inhibit PKA.
Isoproterenol blocks the phosphorylation of ERK promoted by P2X 7 and EGF receptor stimulation-To determine whether the inhibitory effect of isoproterenol on ERK was selective for muscarinic receptor stimulation, we examined whether it blocked ERK phosphorylation when we stimulated other types of receptors. BzATP, which activates P2X 7 receptors, and EGF, which activates the EGF receptor, increase ERK phosphorylation in rat parotid acinar cells (23) . As was the case for muscarinic receptor stimulation and PMA, isoproterenol reduced the phosphorylation of ERK when P2X 7 and EGF receptors were stimulated (Fig. 7 ). These results demonstrate that isoproterenol has an inhibitory effect on ERK phosphorylation downstream of very different types of receptors (see Discussion).
Effects of isoproterenol and forskolin on other salivary gland cells-We examined several other salivary gland cell systems to determine if isoproterenol/cAMP-elevating stimuli blocked the stimulatory effect of carbachol on ERK phosphorylation in other cells. Freshly dispersed acinar cells prepared from rat submandibular glands displayed responses very similar to those of native parotid acinar cells: isoproterenol and forskolin produced significant increases in bands identified using a phospho-PKA substrate antibody, and these agents both blocked the carbachol-promoted increases in ERK phosphorylation (Fig. 8) .
HSY cells are a salivary cell line derived from a human parotid adenocarcinoma of intercalated ductal origin.
In these cells isoproterenol did not block the increase in ERK phosphorylation produced by carbachol, and it itself produced an increase in ERK phosphorylation above basal levels (Fig 9A) . Since it had been reported that isoproterenol increased ERK phosphorylation in HSY cells via transactivating the EGFR (40), we investigated the effects of the EGFR inhibitor AG1478 on ERK phosphorylation under various conditions. In addition to reducing the stimulatory effect of isoproterenol on ERK phosphorylation, AG1478 reduced ERK phosphorylation under basal conditions and in cells exposed to carbachol (+ isoproterenol), indicating that EGFR activity is critical to the activation of ERK under multiple conditions in these cells.
HSG cells are a neoplastic human submandibular gland intercalated duct cell line. In these cells, isoproterenol did not produce an increase in ERK phosphorylation but it also did not block the carbachol-promoted increases in ERK phosphorylation (Fig. 9B) .
Par-C10 cells are a simian virus 40-transformed cell line derived from rat parotid acinar cells, and they display many signaling and ion transport properties of native rat parotid acinar cells (29) . Similar to native rat salivary cells, isoproterenol and forskolin treatment did not affect basal ERK phosphorylation; however, in contrast to native rat cells, these agents did not block the increase in ERK phosphorylation by carbachol (Fig. 9C) . In addition to fully blocking the effects of EGF, AG1478 produced a near-complete block of ERK phosphorylation under basal conditions and in cells treated with carbachol. Notably, the same concentration of AG1478 (300 nM) used in these studies for all three salivary cell lines did not block the increase in ERK phosphorylation by carbachol (32) , demonstrating an important distinction between cell signaling in native and immortalized cells.
Isoproterenol increases intracellular Ca
2+
and fluid secretion-related events-In direct contrast to the negative effects that isoproterenol has on ERK signaling downstream of the muscarinic receptor in native rat salivary cells, isoproterenol produced positive effects on several physiological indices that are initiated downstream of this receptor. The exposure of rat parotid acinar cells to 10 -7 M and 10 -5 M isoproterenol caused significant increases in the carbachol-promoted increase in the O 2 consumption rate (ΔQO 2 ) (Fig.  10A) . These responses to isoproterenol represent an enhancement of fluid and electrolyte secretion initiated by muscarinic receptor stimulation (see Discussion).
Since Fig. 10D and E). To determine if these isoproterenol effects were mediated by PKA, we repeated these experiments in the presence of the PKA inhibitor H-89 (2 µM). H-89 blocked the isoproterenol-enhanced release of Ca 2+ by carbachol ( Figure 10F ). However, a significant effect of H-89 on the increase in Ca 2+ entry was not observed, most likely due to the relatively small isoproterenol-enhanced increase in Ca 2+ entry produced in this set of experiments.
DISCUSSION
The present study demonstrates a new aspect of receptor cross-talk in salivary gland acinar cells: cAMP production and signaling proteins downstream of the β -adrenergic receptor exert a significant negative effect on the activation of ERK by M3 muscarinic receptor stimulation. -sensitive ion channels and commences the ion movements that result in net fluid and electrolyte secretion to initiate salivation (3). The production of diacylglycerol increases the activity of PKC proteins, and these mediate increases in ERK phosphorylation and activity in parotid acinar cells (30, 42) and many other cells. Notably, the two contrasting actions of isoproterenol ---the reduction of the M3R-promoted ERK phosphorylation and the enhancement of the M3R-initiated increase in [Ca 2+ ] i ---demonstrate that cAMP has opposite effects on effectors downstream of the two second messengers (diacylglycerol, InsP 3 ) that are produced from M3R-initiated PIP 2 hydrolysis. These contrasting effects also indicate that the negative effect of isoproterenol on ERK is not initiated at the level of the M3 receptor in parotid cells, although cAMP can downregulate some muscarinic receptor subtypes (43) . Of interest to our results, recent studies indicate that the signaling downstream of the M3 muscarinic receptor can be complex. Multiple arrestins, GRK proteins, and CK1alpha can regulate muscarinic receptor-mediated increases in intracellular Ca 2+ and ERK phosphorylation in a differential manner (44) . The knockdown of these proteins indicated that some regulators, including GRK2, exerted a negative regulation of both ERK and intracellular Ca 2+ , while others were selective for Ca 2+ . In addition to blocking ERK and MEK, forskolin and isoproterenol altered RAF phosphorylation in inverse fashion on two known regulatory sites. These cAMP-elevating agents produced a reduction in the carbachol-promoted increase in phosphorylation of RAF on Ser338, a site within its catalytic domain and one that is required to be phosphorylated for its activation (37).
Phosphorylation of RAF on Ser338 is increased by the stimulation of other G protein coupled receptors and tyrosine kinase receptors (35, 45) , and previously we reported that carbachol increases the phosphorylation of this site in parotid acinar cells (31) . In contrast, isoproterenol and forskolin increased the phosphorylation of RAF on Ser259, a negative regulatory site. cAMP promotes PKA-mediated increases in both Ser259 and Ser223 phosphorylation, which stimulates the binding of 14-3-3 and keeps RAF in an inactive state by preventing its recruitment to the plasma membrane (46) . When PMA was employed as a stimulus to increase ERK phosphorylation in parotid acinar cells, isoproterenol and forskolin also had inhibitory effects on ERK, MEK, and RAF-Ser338 phosphorylation, although the relative inhibition was somewhat less than that when carbachol was the stimulus. The inhibitory actions of isoproterenol and other cAMP-elevating stimuli on ERK phosphorylation in carbacholtreated cells may be due to a combination of the increase in Ser259-RAF phosphorylation and the block of the phosphorylation of Ser338-RAF. However, a possibility remains that the inhibition of ERK phosphorylation is at least partly independent of RAF, since, PKC can activate ERK directly via MEK rather than RAF in some cells (47) . ERK phosphorylation by carbachol is nearly completely blocked by inhibition of PKC in parotid cells (23) , indicating that PKC is a major upstream regulator of ERK phosphorylation.
Isoproterenol blocked the phosphorylation of ERK downstream of three very different types of receptors, indicating the broad effectiveness of cAMP as an inhibitor of ERK signaling. The P2X 7 receptor is a non-selective ion channel that activates some of the same signaling pathways as the G-protein-coupled muscarinic receptor in parotid acinar cells (23) , and the EGF receptor is a tyrosine kinase. The actions of isoproterenol on these three different kinds of receptors suggests that the site of inhibition is located at a common part of the ERK signaling cascade that is activated by all three stimuli---most likely, RAF.
PKA can have either positive or negative effects on ERK activity, and it can have affects on multiple proteins that are upstream of ERK signaling (for review, see (27) ). cAMP and PKA can have diverse affects on the ERK signaling cascades, and this varies with cell type; therefore, the actions of PKA on ERK signaling are controversial.
Forskolin can increase and potentiate the stimulation of various agents on ERK phosphorylation (48), effects that are very different from that on rat parotid acinar cells. In native rat parotid cells, the effects of isoproterenol and forskolin on RAF were consistent, and we did not examine the effects of cAMP-producing stimuli upstream of RAF. Although Epac is involved in many biological and signaling processes, including those in parotid acinar cells, the Epac-selective cAMP analogs were ineffective in reproducing the inhibitory effects of multiple cAMP mimetics and other stimuli on ERK phosphorylation by carbachol (Fig. 5) . These compounds are specific for the guanine nuclear exchange factors Epac1 and Epac2 because their structures are highly selective for the cAMPbinding domain of Epac compared to the cAMP-binding domain of PKA (6, 49) .
Epac may promote the activation of ERK in some cells (27) , but the treatment of rat parotid acinar cells to the Epac analogs alone did not increase ERK phosphorylation. These results are consistent with the inhibitory effects of isoproterenol, forskolin, 8-CPT-cAMP, and dibutyryl-cAMP being mediated by PKA.
Moreover, 6-Bnz-cAMP, which activates PKA but not Epac (38) , produced inhibitory effects identical to those of the other effective agents, supporting the role of PKA in blocking the phosphorylation of ERK downstream of muscarinic, P2X 7 , and EGF receptor activation.
Isoproterenol produced three distinct effects on different salivary cell preparations : it inhibited the carbachol-promoted stimulation of ERK phosphorylation in native rat parotid and submandibular acinar cells, it was without affect on carbachol-stimulated ERK phosphorylation in HSG and Par-C10 cells, and it itself stimulated ERK phosphorylation and did not block the stimulation by carbachol in HSY cells. It is unlikely that these varied responses are due to differences in muscarinic receptor subtypes, a family of 5 (M1-M5) isoforms that can all be stimulated by carbachol, a non-selective muscarinic agonist. Native rat parotid acinar cells have >90% M3R, and small populations of other subtypes (2, 50, 51) . M3Rs also make up the overwhelming majority of muscarinic receptors in HSG cells (52) and Par-C5 cells (50), a rat parotid acinar cell line that is very similar to the Par-C10. However, HSY cells have a mixed population of M1 and M3 receptors, and both receptor subtypes contribute to the stimulation of ERK (53) . It was observed previously that the stimulation of ERK by carbachol (53) and isoproterenol (40) in HSY cells are EGFR-dependent, consistent with our finding that AG1478 was also effective on the combination of carbachol and isoproterenol. In fact, the EGFR plays a critical role in ERK signaling in all three cell lines under various stimulated and non-stimulated conditions. In contrast to these findings, the increase in ERK phosphorylation in carbachol-treated native rat parotid acinar cells does not involve the EGFR and is not sensitive to AG1478 (32) . This is one illustration of how normal cell signaling can differ between native cells and cell lines, indicating that care must be used in selecting a model cell system that represents native tissue.
Parotid cells respond to secretagogues with rapid increases in the rate of O 2 consumption (ΔQO 2 ) due to increases in oxidative metabolism to support the increased energy demands of active ion transport, particularly the ATP demand of the stimulation of the Na,K-ATPase; therefore, this change in O 2 consumption is reflective of an increase in fluid and electrolyte secretion (28, 54) . The similar enhancing effects that 10 -5 M and 10 -7
M isoproterenol had on the carbachol-promoted ΔQO 2 (Fig. 10A) are consistent with the similar increases that these concentrations produced on PKA substrate phosphorylation and in the reduction of the carbachol-initiated ERK phosphorylation (Fig. 1C) Figure 10F ). The stimulatory effects of isoproterenol and forskolin on [Ca 2+ ] i (and ΔQO 2 ) are likely due to the phosphorylation of the InsP 3 receptor by PKA. In mouse parotid acinar cells, forskolin promoted the phosphorylation of the InsP 3 R, and dibutyryl-cAMP enhanced the InsP 3 -initiated release of Ca 2+ from stores in the endoplasmic reticulum (14) . Subsequent studies determined that this effect was mediated by the PKA-promoted phosphorylation of Ser937 on the InsP 3 R2 isoform (16) . Similar to our results for isoproterenol (Fig. 10D,E) , Bruce et al. (14) reported that forskolin also promoted an increase in Ca 2+ entry, and suggested that this may be due to the larger release/depletion of Ca 2+ stores under these conditions. On a different note, it recently was reported that cAMP generation and PKA activation can result from the depletion of Ca 2+ stores in the endoplasmic reticulum, and the activation of adenylyl cyclase was dependent on stromal interaction molecule 1 (STIM1), the endoplasmic reticulum Ca 2+ sensor that plays an integral role in store-operated Ca 2+ entry (55) . Inhibitory effects of cAMP on ERK phosphorylation were also found in vasopressintreated rat renal intermedullary cortical ducts (IMCD). The binding of a vasopressin analog (dDAVP) to the V2 receptor in IMCD cells reduced the (basal) phosphorylation of ERK and MEK, and increased the phosphorylation of RAF on Ser259; and these effects were mimicked by a cAMP analog (56). dDVAP did not affect the phosphorylation of RAF on Ser338, but it also accelerated the appearance of aperiodic spikes in [Ca 2+ ] i , which were due to release of Ca 2+ by the ryanodine receptor. Thus, there are parallels in IMCDs between some, but not all, of the responses to isoproterenol that we observed in parotid acinar cells.
In conclusion, the present studies document the inhibitory effect of isoproterenol and cAMP on ERK activation by carbachol in rat parotid and submandibular acinar cells. This suggests that the release of neurotransmitter from sympathetic nerves can prevent the activation of ERK by parasympathetic nerve stimulation. The effect on ERK appears to be due, at least in part, to changes in the phosphorylation of RAF on two sites that regulate RAF activity, Ser259 and Ser338, which are negative and positive sites, respectively. This negative regulation of ERK occurs in the same cell in which isoproterenol produces a positive effect on physiological events that promote and support muscarinic receptorpromoted fluid secretion. These studies demonstrate that there are multiple interactions between the second messengers and signaling proteins downstream of the β -adrenergic and muscarinic receptors, and that the β -adrenergic receptor can exert both positive and negative effects on processes downstream of muscarinic receptor activation. In addition, isoproterenol also blocked increases Fig. 1 . Isoproterenol blocks the phosphorylation of ERK by carbachol in rat parotid acinar cells. A. Cells were pretreated (or not) with 10 -7 M isoproterenol (Iso) for 1 min, and then exposed for 2 min to 10 -5 M carbachol (CCh) alone or in combination with 10 -7 M isoproterenol. B. Cells were pretreated (or not) with 10 -7 M isoproterenol for 1 min, and then exposed for to 10 -5 M carbachol for periods of time between 2-10 min. C. Cells were pretreated with 10 -9 -10 -5 M isoproterenol for one min, and then exposed to 10 -5 M carbachol for 2 min. D. Cells were exposed to carbachol (10 -5 M) and isoproterenol (10 -7 M) for the times indicated. E. Quantification of ERK phosphorylation relative to the basal control (no addition) for conditions shown in 1D. *P<0.05, N=3-4. In A-C, cells exposed only to isoproterenol were treated for 3 min. Cell lysates were subjected to immunoblot analysis as indicated. -5 M forskolin for 10 min, and then exposed to 10 -5 M carbachol (A) and 100 nM PMA (B) for 2 min. Cells not exposed to stimuli were exposed to isoproterenol for 3 min and forskolin for 12 min. Cell lysates were subjected to immunoblot analysis as indicated. C. Quantification of ERK phosphorylation relative to the basal control (no addition). N=7-12. **P<0.01 vs. basal. *P<0.01 vs. stimulus control. Fig. 4 . Effects of isoproterenol and forskolin on the phosphorylation of RAF in carbachol-and PMA-treated rat parotid acinar cells. A and B. Cells were exposed to agents as in Figure 3 . Cell lysates were used to immunoprecipitate c-RAF-1, which was subjected to immunoblot analysis using two different phospho-RAF antibodies and c-RAF-1, as indicated. C and D. Quantification of RAF phosphorylation on Ser338 (C) and Ser259 (D) were calculated relative to the basal control (no additions). For C, N= 6-7. **P<0.01 vs. basal, *P<0.01 vs. carbachol control, #P<0.03 vs. PMA control. For D, n=5. * P<0.03 vs. basal control, #P<0.01 vs. basal control. . Cells not exposed to carbachol were exposed to isoproterenol and forskolin for 3 min. Lysates were subjected to immunoblot analysis as indicated. B. Quantification of effects of isoproterenol and forskolin on ERK phosphorylation relative to the basal control (no additions). N=3. *P<0.05 vs. carbachol (no addition). ** P<0.05 vs. basal. Fig. 9 . Effects of isoproterenol, forskolin, and AG1478 on the phosphorylation of ERK by carbachol in rat and human salivary gland cell lines. Cells were exposed to AG1478 (300 nM) for 20 min prior to stimuli, and to isoproterenol (10 -4 M) and forskolin (10 -5 M) for times as indicated below. Cells were exposed to carbachol (10 -4 M) and EGF (100 ng/ml) for 3 min. A. HSY cells were treated (or not) with isoproterenol (2 min) followed by carbachol. Cells not exposed to carbachol were treated with isoproterenol for 5 min. N=3. *P<0.05 vs. same condition without AG1478. **P<0.05 vs. basal control. B. HSG cells were treated (or not) with isoproterenol for 12 minutes followed by carbachol. Cells not exposed to carbachol were treated with isoproterenol for 15 min. N=3-7. *P<0.01 vs. same condition without AG1478. **P<0.01 vs. basal control. C. C10 cells were treated (or not) with isoproterenol (2 min) and forskolin (10 min), and then exposed to carbachol. Cells not exposed to carbachol were exposed to isoproterenol for 5 min and forskolin for 15 min. N=3-10. *P< 0.03 vs. same condition with AG1478. P<0.03 vs. basal control. 
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